ABSTRACT In this paper, we provide a comprehensive review of diverse index modulation (IM) architectures that operate in the space, time, and frequency domains, as well as their related technologies. We clarify that several IM-specific characteristics have explicit advantages over those of the conventional bandwidthefficient counterparts, such as spatial multiplexing, orthogonal frequency division multiplexing, and singlecarrier frequency division multiple access, which have been widely employed in the current wireless standards. While, for the next-generation wireless systems, multiple performance requirements that conflict with each other have been imposed, IM schemes have the potential of satisfying part of the requirements, in addition to enhancing bandwidth efficiency. More specifically, we characterize operational scenarios and system settings that specifically benefit from IM schemes versus their non-IM counterparts while clarifying the fundamental limitations and the open issues for IM schemes that have not been sufficiently explored previously. Furthermore, we also present the rationale of the recent novel IM scheme that amalgamates the time-domain IM scheme and the concept of faster-than-Nyquist signaling and attains a rate enhancement together with a low peak-to-average power ratio.
I. INTRODUCTION
Index modulation (IM) [1] - [10] has attracted much attention as an emerging modulation concept and is characterized by sparse symbol mapping. More specifically, activating a subset of the legitimate symbol indices allows an IM transmitter to send additional information, beyond that of the traditional amplitude and phase shift keying (APSK) modulation scheme, such as phase-shift keying (PSK) and quadrature amplitude modulation (QAM) [11] . The dimensions invoked for IM include space [2] , [3] , [6] , [12] - [14] , time [2] , [15] - [17] , and frequency [7] , [8] , [18] , as well as the combinations space-time [2] , [19] , [20] and space-timefrequency [4] , [21] , [22] . In addition, several related IM techniques, including ones based on beamspace [23] , [24] and distributed-node space [25] - [27] , have been developed. 1 In contrast to the classic full-symbol-allocation frameworks that provide high bandwidth efficiencies and high peak data rates, IM-based sparse symbol mapping schemes are capable of providing different advantages under specific useful scenarios, as highlighted throughout this paper.
Conventional modems are designed to allocate as many symbols as possible to each dimension while maintaining their orthogonality in order to increase the bandwidth efficiency and peak data rate. For example, in the spatial multiplexing multiple-input multiple-output (MIMO) arrangement [29] - [32] , a transmitter sends independent parallel symbol streams from multiple transmit antenna elements, hence enabling symbol multiplexing in the spatial domain. In spatial multiplexing, the transmission rate linearly increases with the minimum of the numbers of transmit and receive antenna elements, and this is achieved without expanding the bandwidth. Furthermore, in orthogonal frequency division multiplexing (OFDM) [11] , [33] , [34] , a serial data stream is serial-to-parallel (S/P) converted into a number of low-rate parallel streams that are modulated onto multiple orthogonal subcarriers in the frequency domain. The symbols modulated onto the orthogonal subcarriers are then combined to form an OFDM frame with the aid of an inverse discrete fast Fourier transform (IDFT). An explicit benefit of OFDM is that robustness over multipath propagation, as well as the mitigation of inter-symbol interference (ISI), is achieved while allowing discrete fast Fourier transform (DFT)-assisted low-complexity detection at the receiver. As one close relative of OFDM, singlecarrier (SC) symbol transmissions in frequency-division multiple access (FDMA) used with frequency-domain equalization (FDE) [35] , [36] constitute the time-domain counterpart of OFDM while achieving a significantly lower peak-to-average power ratio (PAPR) than OFDM. Note that the system models of OFDM and SC/FDMA-FDE are essentially the same, except that both the DFT and IDFT are incorporated into the receiver in the SC/FDMA-FDE system, while the IDFT and DFT are used at the transmitter and receiver, respectively, in the OFDM system [36] . These three representative orthogonal full-symbol-allocation frameworks, spatial multiplexing, OFDM, and SC/FDMA-FDE (listed in Table 1 ), have been widely employed in the current broadband wireless standards [37] , [38] .
IM schemes in the space, frequency, and time domains were developed as spatial modulation [3] , OFDM-IM [7] , and SC-based IM (SCIM)/FDMA [15] , and are the IM counterparts of spatial multiplexing, OFDM, and SC/FDMA, as shown in Table 1 . Importantly, when targeting an ultimate increase of bandwidth efficiency, the above-mentioned conventional full-allocation schemes may outperform the IM schemes. However, the next-generation wireless systems have several performance requirements imposed on them that conflict with each other, in terms of not only the peak data rate but also the latency, reliability, traceability, energy efficiency, and number of connections [39] , [40] . To this end, in this paper we focus our attention on the metrics, such as the tradeoff between energy and bandwidth efficiencies, as well as the latency in low-rate multiple access, wherein the benefits of IM over the conventional frameworks become explicit. Naturally, these benefits may be achieved at the cost of several specific disadvantages that have to be carefully avoided when adopting IM.
Against this background, the main contributions of this paper over previous IM-related tutorials [1] - [10] are as follows.
• We review and classify the IM family in the space, time, and frequency domains in a comprehensive manner. This is done with the aim of guiding the reader to scenarios beneficial for IM schemes, since the IM-specific merits are different from those of the conventional full-allocation frameworks, such as spatial multiplexing, OFDM, and SC/FDMA.
• Since the benefits of the IM family are attained with the imposition of several fundamental limitations, we clarify these fundamental limitations, which have previously been insufficiently explored, including those of SC transmissions and time-limited pulse shaping for single-RF spatial modulation, as well as those of low-rate regions beneficial for OFDM/IM and SCIM/FDMA.
• Until recently, time-domain IM schemes have not been investigated as exhaustively as their space-and frequency-domain counterparts. Therefore, we first highlight and review the latest results in time-domain IM schemes, such as SCIM and faster-than-Nyquist (FTN)-IM, which have the merits of a rate enhancement and a low PAPR. The remainder of this paper is organized as follows. We review the IM family in the spatial domain in Section II. In Section III, the IM incorporating both the space and time domains is described. Furthermore, IM schemes exploiting the frequency and time domains are introduced in Sections IV and V, respectively. Then we lay out the challenges and future directions of IM in Section VI, before finally concluding this paper with Section VII.
II. SPATIAL MODULATION: IM IN THE SPATIAL DOMAIN
In this section, we introduce the basic principles, benefits, and limitations of the IM family that operates in the spatial domain. Chau and Yu [41] proposed the original concept of spatial modulation, in which the transmitter supports multiple antenna elements and the combination of activated transmit antenna elements per symbol interval conveys information bits, although multiple RF chains are needed in their arrangement. Haas et al. [42] modified the modulation principle of [41] to one relying on the activation of only a single transmit antenna element in each symbol interval, hence enabling a single-RF transmitter structure. As a result, low cost and high energy efficiency, which are benefits specific to spatial modulation, are attained. VOLUME 5, 2017 Under the idealized assumptions of SC symbol transmissions over a frequency-flat fading channel, the received signals y s ∈ C N rx (where N rx is the number of receive antenna elements; note, N tx is the number of transmit antenna elements), of each time instance are given by
The symbol vector s s ∈ C N tx contains only a single non-zero APSK-modulated symbol s s ∈ C in the activated lth antenna element and the other N tx − 1 elements in s s are zeros:
↑ the lth element where [·] T denotes the transpose operation. The constructed sparse symbol vector of (3) is in contrast with the symbol vector of the conventional spatial multiplexing scheme, which is filled with N tx symbols. Furthermore,
∈ C N rx ×N tx is the complex-valued channel matrix, and n ∈ C N rx are the associated AWGN components, which are given by random variables obeying the complexvalued Gaussian distribution CN (0, N 0 ), that is, the distribution having a mean of zero and a variance of N 0 . In each symbol interval, both the index of an activated transmit antenna element l (0 ≤ l ≤ N tx ) and the symbol s s modulated with the aid of M-point APSK convey information bits to the receiver. 2 Hence, the transmission rate of spatial modulation is
From (4), spatial modulation has scalability in terms of transmit antenna elements: its transmission rate R SM logarithmically increases with an increase in the number of transmit antenna elements N tx . 3 Note that spatial multiplexing linearly increases the transmission rate R SMX , which is given by
although it requires a full-RF transmitter structure. Fig. 1 compares the transmitter structures of spatial modulation and spatial multiplexing for the case of considering N tx = 4 transmit antenna elements. As shown in Fig. 1(a) , the spatial modulation transmitter activates only one of the four transmit antennas in each symbol interval, which conveys log 2 N tx = 2 IM bits, in addition to the log 2 M 2 A rule employed for mapping information bits onto a symbol vector affects the achievable performance of the SM scheme. In [43] , the bit-to-symbol mapper, which maximizes constrained information rate of the SM scheme, was proposed. Furthermore, Yang et al. [44] presented bit-tosymbol mapping rule for the SM scheme, which increases hamming distance between SM symbols. Also, in [45] , the SM scheme's bit-to-symbol mapping rule was developed, by assuming a scenario where partial knowledge of channel state information (CSI) is available at the transmitter. 3 Since single-RF spatial modulation does not support bandwidth-efficient time-orthogonal pulse shaping [46] , the units of (4) are bits/symbol rather than bps/Hz. A detailed discussion will be provided in Section VI-A. modulated bits. Owing to the antenna switching mechanism of spatial modulation, each symbol duration has to be less than or equal to the symbol interval, as shown in Fig. 1(a) , although the full-RF spatial multiplexing transmitter of Fig. 1(b) does not have this limitation, similar to other modems.
Bearing in mind that the classic full-RF spatial multiplexing transmitter is equipped with the same number of RF chains as the number of transmit antenna elements N tx , the main benefits of the single-RF spatial modulation transmitter can be classified into low detection complexity, low terminal and calibration costs, low energy consumption, and an open-loop architecture, which are explained in brief as follows:
1) Low decoding complexity: Since the spatial modulation transmitter sends only a single symbol in each symbol interval rather than relying on symbol multiplexing, its receiver does not have to decouple multiple streams, while that of spatial multiplexing does.
Optimal maximum likelihood (ML) detection was presented for spatial modulation in [13] and may benefit from a single-stream-based low detection complexity, increasing exponentially with an increase of the transmission rate given by (4). More sophisticated detection algorithms, based on matched filtering [47] and sphere decoding [48] , were developed for attaining a significantly lower decoding complexity than their ML counterpart. The two-stage detection of [47] was further improved in [49] and [50] . Note that a detailed discussion of spatial modulation detectors may be found in [32] . Furthermore, while most previous spatial modulation detection algorithms were developed in the context of frequency-flat (narrowband) channels, in [51] and [46] reduced-complexity time-domain equalization (TDE) and FDE were developed for broadband SC spatial modulation scenarios. 2) Low terminal and calibration cost: The single-RF structure of the spatial modulation contributes to a simplification of the transmitter. Since in general each RF chain typically contains a digital-to-analog (D/A) converter, a mixer, a filter, and a power amplifier, as well as other elements, the associated cost of single-RF spatial modulation is one-N tx th that of full-RF spatial multiplexing. Additionally, the single-RF spatial modulation transmitter does not require calibration of multiple RF chains, unlike a conventional full-RF MIMO transmitter. These characteristics are beneficial not only for a base station, having a large number of antenna elements, but also for a mobile handset, because such handsets typically are severely constrained with respect to the terminal size and cost, as well as energy efficiency. 3) Low energy consumption: The conventional full-RF MIMO transmitter suffers from high energy consumption, which is caused by the need to have multiple RF chains [3] , [52] . To be more specific, in addition to the dynamic RF power consumption, the static power consumption imposed by the circuit (e.g., the power amplifier) linearly increases with the number of transmit antenna elements in the conventional full-RF MIMO transmitter. Note that, as mentioned in [3] , it has recently been revealed that full-RF MIMO systems may be less energy-efficient than their single-antenna counterparts when both the dynamic and static power consumptions are considered in a fair manner. This is obvious for the massive-MIMO scenario, where a high number of transmit antenna elements are used at the base station. However, single-RF spatial modulation is capable of maintaining a low energy consumption even upon increasing the number of transmit antenna elements. Hence, in single-RF spatial modulation, the energy consumption at the peak data rate tends to be significantly lower than that in full-RF spatial multiplexing [52] . Note also that a high energy efficiency at the base station is an important requirement for next-generation cellular systems [53] . 4) Open-loop operation: Additionally, the spatial modulation system does not assume CSI at the transmitter (CSIT). This allows us to avoid the use of a feedback channel, which consumes additional bandwidth while increasing latency. Hence, this benefit is most obvious for a scenario where a mobile terminal is moving quickly. Note that while optional closed-loop spatial modulation schemes, such as those relying on adaptive antenna selection [54] - [56] , precoding [57] , [58] , and beamforming [59] , have been proposed, they are not the main focus of this paper. The above-mentioned benefits exclusive to spatial modulation are achieved at the expense of accepting specific limitations, which may not have been taken into account typically in the early and even in many recent studies on spatial modulation. The two main ones are highlighted below.
1) Single-carrier limitation: A recent study [46] revealed that a single-RF spatial modulation system has to employ SC symbol transmissions rather than multicarrier ones. This is because antenna activation in each subcarrier of OFDM would result in simultaneous activation of multiple antenna elements, hence requiring multiple RF chains. 2) Time-limited pulse shaping: As clarified in [60] , a single-RF spatial modulation transmitter has to employ time-limited pulse shaping, since a whole symbol has to be transmitted during the activated symbol interval, as shown in Fig. 1(a) . This implies that a bandwidth-efficient shaping filter, such as a root raised cosine (RRC) filter, is not applicable for single-RF spatial modulation. The associated performance penalty is not imposed on other conventional full-RF MIMO transmitters. These two limitations will be further detailed in Section VI, which also provides their partial solutions and future directions.
In the rest of this section, we introduce several related spatial modulation techniques that rely on the IM principle in the spatial domain. The diverse possible IM arrangements, including those reviewed in Sections II-V, are compared in Table 2 .
A. MULTIPLE-RF GENERALIZED SPATIAL MODULATION
The original spatial modulation scheme activates only a single transmit antenna element in each symbol interval, and hence information bits conveyed by IM is limited in comparison to the full-RF spatial multiplexing scheme, as seen in the relationship between (4) and (5) . To this end, multiple-RF generalized spatial modulation (GSM) [61] , [71] was proposed, in which multiple transmit antenna elements are activated during each symbol interval and multiple symbols are simultaneously transmitted from different transmit antenna elements in a similar manner to spatial multiplexing. This change implies that GSM is capable of striking a flexible balance between the reduced number of RF chains of spatial modulation and the high peak data rate of spatial multiplexing. Naturally, when the number of RF chains is less than the number of transmit antenna elements, the GSM system still has the limitations of SC transmissions and time-limited pulse shaping, similar to single-RF spatial modulation.
B. BEAMSPACE (RECONFIGURABLE) INDEX MODULATION
In spatial modulation, in order for the receiver to classify an activated antenna index in a stable way, the channel correlations associated with transmit antenna indices have to be as low as possible. Hence, sufficient separations between the transmit antenna elements are needed, similar to the classic MIMO systems [72] . In order to satisfy the requirement of low channel correlations, the transmitter size may become large, especially when the operating frequency is as low as that of microwaves, rather than those of millimeter waves and visible light. To this end, the concept of beamspace (reconfigurable) IM was developed in [9] , [23] , and [24] . Beamspace IM becomes realistic with the aid of pattern-reconfigurable active and/or switched antenna devices [73] - [76] . More specifically, instead of exploiting transmit antenna indices as used in spatial modulation, the activation of only one of the multiple antenna patterns conveys IM bits to the receiver. The merit of beamspace IM is that the size of a reconfigurable antenna device is fixed, regardless of the number of antenna patterns, while the size of an antenna unit in spatial modulation becomes higher upon increasing the number of transmit antenna indices.
However, in beamspace IM, upon increasing the number of legitimate antenna patterns, the channel correlations associated with the antenna patterns increase. This implies that beamspace IM has a tradeoff between the code rate and the achievable performance. Recently, the effects of channel correlation on the performance of beamspace IM were studied in [77] by considering Rician fading channels. However, since the effects of channel correlation largely depend on the types of active antennas, investigations that consider more specific antenna devices are left for future studies. Moreover, similar to other single-RF spatial modulation schemes, beamspace IM has limitations associated with SC and timelimited pulse shaping, when assuming the use of a single-RF transmitter.
C. SEMI-BLIND SPATIAL MODULATION
In spatial modulation, the acquisition of CSI at the receiver (CSIR) is typically assumed for symbol detection. The CSIR is available by periodic transmissions of pilot (training) symbols from the transmitter, as well as by CSI estimation at the receiver. However, upon increasing the number of transmit antenna elements, the pilot overhead, as well as the processing complexity required for CSI estimation, substantially increases. Although the use of a large-scale antenna array is needed for a high-rate spatial modulation, this limitation becomes more realistic.
In order to reduce the effects of pilot overhead, it may be possible to employ semi-blind detection as presented in [62] and [63] , where semi-blind joint channel estimation and data detection were developed for spatial modulation. The CSI estimated with the aid of received pilot signals is used for initial symbol detection, and then the detected symbols are used as a long pilot sequence in order to improve the accuracy of channel estimation. CSI estimation and symbol detection are repeated until convergence. As the explicit benefit of this iterative gain, pilot overhead required for spatial modulation is reduced to the minimum.
D. SPATIAL-MODULATION-BASED MASSIVE-MIMO DOWNLINK
As mentioned above, the benefit of spatial modulation is obvious when the number of transmit antenna elements is significantly high, since the number of RF chains is maintained at one at the transmitter, regardless of the number of transmit antenna elements. In the next-generation wireless systems, it is expected that the massive MIMO technique [78] - [80] will play an important role for further enhancing the spectral efficiency. More specifically, in the representative conjugatebeamforming massive MIMO downlink [78] , the availability of CSIT is assumed in order to concentrate the transmit power on each receiver, hence allowing a significantly high RF energy efficiency. However, as mentioned above, the static circuit power consumption of this full-RF massive MIMO is very high, due to the massive number of RF chains. Furthermore, the need for CSIT imposes an additional feedback channel and/or the use of a time-division duplex (TDD). By contrast, spatial modulation typically is used in an openloop system that only requires CSIR rather than CSIT, and hence is capable of dispensing with the associated overhead and feedback channel. Because of the absence of beamforming, the energy efficiency of RF power transmissions in spatial modulation may be lower than with the conjugatebeamforming massive MIMO scheme [78] . However, introducing analog beamforming into the spatial modulation transmitter may further enhance the dynamic RF energy efficiency, as shown in [81] .
E. OTHER APPLICATIONS OF SM
Non-orthogonal multiple access (NOMA), based on nonlinear processing, constitutes one of the promising techniques for the next-generation wireless systems [82] . In comparison to the traditional orthogonal multiple access counterpart, the NOMA system is characterized by allocating each user in the power domain, while using the same time, space, and frequency resources. Furthermore, the use of MIMO in NOMA scenarios has attracted much interest [83] . In [84] , the NOMA concept was introduced into an SM-assisted multiuser downlink scenario, which allows us to attain a high spectrum efficiency. In [85] , the SM-assisted NOMA scheme was developed in the context of vehicle-to-vehicle communication systems, in order to deal with the detrimental effects of wireless vehicular channels. In [86] , the achievable spectrum efficiency of the SM-aided NOMA downlink was investigated by deriving an accurate approximation of mutual information.
Moreover, in [87] - [89] the SM principle was introduced into cognitive radio system, which utilizes spectrum sharing [90] . The detailed survey of the SM-aided cognitive radio is found in [10] .
III. IM IN THE SPACE AND TIME DIMENSIONS
In this section, we introduce the IM family that exploits both the space and time domains, such as coherent space-time IM VOLUME 5, 2017 and differential spatial modulation (DSM). Note that in these schemes, the time domain is exploited to attain a diversity gain, rather than increasing the transmission rate.
A. SPACE-TIME IM
The original spatial modulation of Section II relies on IM only in the spatial domain. In order to include both the space and time dimensions in the symbol activation of IM, a space-time IM scheme, referred to as space-time shift keying (STSK), was created in [19] . In STSK, only one of the multiple space-time dispersion matrices is activated during each block interval. The STSK scheme is capable of striking a flexible tradeoff between the code rate and the diversity gain. This was achieved by carefully designing the size and elements of the dispersion matrices [19] , [91] . 4 Note that although the basic STSK transmitter requires a full-RF structure, the STSK scheme is also capable of operating in a single-RF transmitter arrangement if a sparsity is imposed on the design of space-time dispersion matrices, in which case the scheme is referred to as asynchronous STSK (ASTSK) [19] . Since the STSK scheme subsumes the SM scheme [2] , the reduced-complexity detection algorithms developed for either scheme [47] - [50] , [92] , [93] are readily exchangeable. Moreover, several similar space-time IM schemes were developed independently to attain the same benefits, for example, those in [94] and [95] .
In [20] , STSK was further extended to generalized STSK (GSTSK), which activates multiple dispersion matrices during each block interval. This unified GSTSK framework subsumes diverse conventional MIMO arrangements, such as spatial multiplexing [96] , orthogonal space-time block coding (OSTBC) [97] , [98] , spatial modulation [42] , space-shift keying [14] , STSK [19] , GSM [61] , and spatial modulated STBC [99] , as shown in [20] and [2] .
B. DIFFERENTIAL SPATIAL MODULATION
Spatial modulation has the merit of linearly increasing the transmission rate with an exponential increase of the number of transmit antennas while maintaining a single-RF transmitter structure. However, the increase in code rate is achieved under the assumption of the ideal situation that all the associated CSI are precisely acquired at the receiver. Practically, the periodic insertion of pilot symbols is needed, which may result in significantly high overhead for the scenario of a high number of transmit antenna elements.
In order to dispense with the pilot overhead imposed on (coherent) spatial modulation, its non-coherently detected DSM counterpart is adopted with the aid of the classic unitary differential space-time modulation (UDSTM) concept [65] , [66] . At the UDSTM transmitter, unitary matrices are differentially encoded in order to generate the unitary matrix for transmission. This allows the receiver counterpart of the transmitter to detect each block in a non-coherent manner, specifically, by differentially decoding two successive received signal blocks. Full diversity gain is achieved without requiring any CSI estimation at the receiver.
The single-RF DSM scheme is realized by UDSTM by means of constraining the unitary matrices of UDSTM to be sparse, specifically, such that each column contains only a single non-zero element. Note that the main target of DSM is the achievement of a transmit diversity gain rather than an increase in the code rate. This implies that the coherently detected counterpart of DSM is the space-time IM of Section III-A rather than the spatial modulation of Section II.
As mentioned above, the original single-RF DSM was presented in [65] and [66] , in which the unitary group codes were designed to have sparse matrix structures, but the benefit of a single RF transmitter was not the focus of those studies. In [100] , the design of the sparse unitary matrices of DSM was further investigated with the aid of cyclic algebras. In [25] and [101] , motivated by the development of single-RF spatial modulation, the benefits of signal-RF DSM were discussed. Furthermore, several design methods of unitary matrices for single-RF DSM were presented in [102] - [107] , which share a framework relying on sparse UDSTM. Also, in [108] , the single-RF DSM transmitter structure was relaxed to include multiple RF chains, so as to improve the coding gain. In [109] , a single-RF DSM was modified for supporting time-dimension and orthogonal in-phase and quadrature spatial dimensions, which is referred to as differential quadrature SM. However, all the above-mentioned single-RF DSM family rely on the use of unitary matrices.
The main limitations of DSM are that 1) it is not scalable with respect to the number of transmit antenna elements, and that 2) it only operates under the narrowband scenario. Detailed discussions of two these disadvantages will be given later in Sections VI-C and VI-D. In addition, the limitations of SC transmissions and time-limited pulse shaping in single-RF spatial modulation are also present in single-RF DSM.
In order to combat the above-mentioned scalability limitation in terms of the number of transmit antennas, which is due to the square unitary matrices used for DSM, rectangular DSM (RDSM) was proposed in [63] . In rectangular DSM, the differentially encoded unitary matrix of DSM is projected onto a rectangular matrix before transmission, which allows the number of symbol intervals needed for each block transmission to be decreased, hence resulting in an increased throughput in comparison to conventional DSM schemes. However, at the RDSM receiver, the nth block in a frame is detected with the aid of all the previous n − 1 detected blocks together with an N tx -length initial pilot block, while the conventional DSM receiver is capable of carrying out error-propagation-free non-coherent detection based on only two successive received blocks. 
IV. OFDM WITH SUBCARRIER INDEX MODULATION: IM IN THE FREQUENCY DIMENSION
OFDM-IM is the IM scheme using the frequency domain, which was originally proposed as parallel combinatory OFDM in [18] . Fig. 2(a) portrays the transceiver structure of OFDM-IM. The N f subcarriers are grouped into P f sets of M f subcarriers, such that N f = P f M f . In each subcarrier set, K f out of the M f subcarriers are activated per OFDM-IM frame, while K f of the M-point APSK symbols are modulated onto the activated subcarriers and the other M f − K f subcarriers are deactivated. Here, the frequency-domain symbols are s
for the pth subcarrier set. In OFDM-IM, the combination of the activated subcarrier indices together with the K f APSK-modulated symbols convey information bits.
The
] T ∈ C N f in the frequency domain are interleaved by . Then, by carrying out an IDFT over the N f interleaved subcarriers, we arrive at the time-domain OFDM-IM frame, which is transmitted after adding a cyclic prefix (CP).
At the receiver, the CP is removed from the time-domain received signals, and then a DFT is performed to obtain the frequency-domain signals. After deinterleaving them by −1 , the frequency-domain signals y (p) f ∈ C M f associated with the pth OFDM-IM subcarrier set are obtained by
where
f ∈ C M f ×M f denotes the frequency-domain channel transfer matrix for the pth subcarrier set. Note that when there is no inter-subcarrier correlation, the frequency-domain channel transfer matrix H (p) f is diagonal. The normalized throughput of OFDM-IM is given by [7] 
The rate R OFDM-IM of (7) does not include the penalty imposed by the CP insertion for the sake of simplicity. The first term of (7) corresponds to information bits modulated onto the classic APSK modulation scheme, while the second term represents those sent with the aid of the activated subcarrier indices. At the receiver, the indices of activated subcarriers and the modulated symbols are detected using (6) . An exhaustive ML search achieves the best attainable performance. However, when the search space associated with IM, i.e.,
is large, the ML detection becomes infeasible, due to an excessively high search complexity. In order to reduce the detection complexity, the low-complexity suboptimal detection algorithm, which is referred to as log-likelihood ratio (LLR) detection [110] , was developed; the resultant complexity is almost as low as that of OFDM. In order to improve its effective transmission rate, in [111] the OFDM-IM was generalized to be capable of accepting varying numbers of active subcarriers contained in the subcarrier sets. Furthermore, in [111] , the indices of in-phase and quadrature-phase per subcarrier were independently mapped in order to increase spectral efficiency. Also, a dual-mode OFDM scheme was proposed in [69] which uses a combination of two constellation modes, rather than a single constellation mode and zero symbols.
Against the above-mentioned beneficial characteristics, fundamental limitations are imposed on the OFDM-IM scheme, which are highlighted as follows.
1) High PAPR: Although the activated subcarriers in OFDM-IM may be sparse in comparison to those of OFDM, the OFDM-IM and OFDM schemes typically suffer from a similar high-PAPR profile, as mentioned in [7] . More specifically, the maximum PAPR value of OFDM-IM may be lower than that of the OFDM counterpart [112] , while the PAPR distributions of both schemes remain almost the same [7] . Note that as mentioned in [113] , the distribution, rather than the maximum value, is considered to be a practical metric for evaluating the effects of the PAPR. In order to combat this detrimental effect of OFDM-IM, an alternative choice may be its time-domain counterpart,
i.e., SCIM [15] , which is shown in Fig. 2(b) and will be formally introduced later in Section V. 2) Beneficial Low-Rate Region: Additionally, the rate, in which OFDM-IM has an explicit advantage over OFDM, tends to be low. In [7] , it has been demonstrated that the minimum Euclidean distance (MED) of OFDM-IM is clearly higher than that of OFDM only for R OFDM-IM ≤ 3 bps/Hz, while this gain diminishes quickly upon increasing the rate in the range of R OFDM-IM ≥ 4 bps/Hz. Note that the MED is a metric that corresponds to the achievable performance bound for an uncoded scenario under the assumption of an AWGN channel. Similarly, the performances of OFDM-IM and OFDM were compared in terms of the average mutual information (AMI) in [7] under the assumption of an independent and identically distributed (IID) frequency-flat Rayleigh fading channel.
In that study, it was found that OFDM-IM exhibits an explicit performance gain over OFDM in the range of R OFDM-IM ≤ 2 bps/Hz. Let us also note that the AMI is a metric that provides an upper performance bound for scenarios employing capacity-achieving powerful channel coding schemes, such as turbo [31] , [114] and low-density parity-check (LDPC) codes [115] , [116] .
V. SINGLE-CARRIER INDEX MODULATION: IM IN THE TIME DIMENSION
The time-domain IM concept was originally developed as pulse position modulation (PPM) in the context of optical laser communications [70] , [117] and ultra wideband (UWB) systems [118] , [119] in order to achieve a high energy efficiency. Note that the time domain in the space-time IM of Section III-A is exploited in order to achieve a diversity gain, while the time-domain IM of this section is aimed at enhancing the achievable performance in a low-rate region, similar to OFDM-IM.
A. TIME-DOMAIN SINGLE-CARRIER IM
Most recently, motivated by the development of OFDM-IM, its time-domain counterpart was proposed as SCIM in [15] . 5 In SCIM, activating a subset of the serial time-domain symbols conveys additional information bits, besides those of the APSK-modulated symbols. In a similar manner to the relationship between OFDM and SC/FDMA-FDE [35] , the OFDM-IM and SCIM/FDMA-FDE are close relatives. Fig. 2(b) shows the transceiver structure of SCIM. The framewise received signals y t ∈ C N t are represented by
where the N t -length symbol vector s t ∈ C N t in each frame is divided into P t subframes of s t = [s
having a length of M t = N t /P t symbols. In each subframe, K t out of the M t symbols are activated for sending M-point APSK-modulated symbols. The other M t − K t symbols are deactivated, i.e., set to zero symbols. After interleaving the N t -length SCIM symbols by and inserting a sufficiently long CP in advance of the interleaved block, the time-domain serial symbols are transmitted over the dispersive channel. The explicit advantage of the SCIM transmitter over its OFDM-IM counterpart is a low PAPR, which is the explicit benefit of SC transmissions. Note that interleaving plays an important role in SCIM, since channel correlation between symbols in each subframe deteriorates the achievable detection performance. Hence, N t symbols in a frame s t are interleaved in the time domain such that the symbols associated with each subframe s (p) t are separated as much as possible in the frame [15] .
At the receiver, the CP is removed from the received signals, which are then interleaved by −1 , in order to arrive at the expression of (8) . When the CP length is longer than the channel's tap length ν, the channel matrix H t has a circulant structure. This allows us to perform efficient N t -point DFT-based eigenvalue decomposition of H t , hence enabling low-complexity diagonal minimum mean-square error (MMSE) equalization in the frequency domain, similar to SC/FDMA-FDE [35] . After FDE, SCIM symbols are detected by, for example, exhaustive search [15] , compressed sensing [120] , or log-likelihood detection [110] . Clearly, the detection complexity of SCIM is as low as that of OFDM-IM.
The normalized transmission rate of SCIM is represented by
Comparisons of the SC and SCIM symbols are presented in Figs. 3(a) and 3(b) , where in the comparison, the subframe length M t = 4 and SCIM parameters (K t , M t ) = (1, 4) are considered. Hence, in SCIM, K t = 1 out of the M t = 4 symbols is activated, while an APSK-modulated symbol is transmitted from the single activated symbol. This implies that the number of information bits conveyed by the symbol activation is log 2 4 1 = 2, which corresponds to the second term of (9). One explicit benefit of SCIM is a performance gain over the SC counterpart, especially in the low-rate region, which is similar to the relationship between OFDM-IM and OFDM. Moreover, in order to increase the already better transmission rate of SCIM, dual-mode SCIM was proposed in [17] . In dual-mode SCIM, a combination of two modulation modes conveys IM bits, while all the time-domain symbols are modulated, i.e., no zeros are inserted among the time-domain symbols.
In order to demonstrate the explicit benefit of SCIM, in Fig. 4 we compared the complementary cumulative distribution functions (CCDFs) of the PAPRs for the SC, SCIM, OFDM, and OFDM-IM schemes, where we considered the normalized transmission rate of 2 bps/Hz. We assumed that N f = 1024 subcarriers were used for OFDM and OFDM-IM, and that both the scenarios with and without pulse shaping were considered for SC and SCIM, according to [35] . Here, an RRC filter, having the roll-off factor of β = 0.5, was employed. Furthermore, the parameters of (M t , K t ) = (M f , K f ) = (4, 3) were employed for OFDM-IM and SCIM, while the QPSK modulation was used for all the four schemes. Observe in Fig. 4 that the PAPR of SCIM was approximately 1.2 dB higher than that of SC, due to the sparse signaling in the time domain. However, both the SC and SCIM schemes exhibited a significantly lower PAPR than OFDM and OFDM-IM, as expected. Note that as mentioned in [7] , the CCDF of OFDM-IM was shown to be as high as that of OFDM.
B. FASTER-THAN-NYQUIST SIGNALING WITH IM
FTN signaling was proposed in the 1970s [121] , [122] as a means of breaking the ISI-free symbol interval limit, T 0 = 1/(2W ), which is determined by the Nyquist criterion, for the case that the symbols are strictly bandlimited to W [Hz] . In FTN signaling, the symbol interval is simply shortened to T = αT 0 , where α < 1 is the packing ratio, and an increase of a transmission rate is achieved without consuming any additional bandwidth [123] . The FTN signaling is shown in Fig. 3(c) as a contrast to the Nyquist-criterion-based signaling of Fig. 3(a) . It was demonstrated that the rate of FTN signaling is boosted by a factor of 1/α = 1.24 for an uncoded scenario [122] and by a factor of 1/α = 2 for a channel-encoded scenario [123] , which is achieved without any substantial performance loss relative to the Nyquistcriterion counterpart.
The main limitation of FTN signaling is severe ISI effects, which occur at the receiver. This naturally increases the detection complexity, for the sake of eliminating the ISI effects. To this end, diverse reduced-complexity equalizers have been proposed for the FTN receiver in the time domain [124] , [125] and in the frequency domain [126] - [128] . However, although the decoding complexity is reduced with the aid of these efficient algorithms [124] - [128] , the achievable performance of FTN is limited by the amount of FTN-specific ISI, as shown in the results of MED investigations [16] , [122] .
In order to improve the achievable performance bound of FTN, in [16] the concept of SCIM [15] was incorporated into FTN signaling, resulting in what is referred to as FTN-IM. In the FTN-IM scheme, a subset of FTN-symbol indices are activated while the other deactivated symbols are set to zeros, similar to in SCIM. As an explicit benefit of this sparse FTN-IM signaling, the FTN-specific ISI effects are reduced without substantially reducing the transmission rate. Hence, FTN-IM is capable of achieving a better BER performance than conventional FTN signaling while maintaining the rate boost. The signaling of FTN and FTN-IM is depicted in Figs. 3(c) and 3(d) , respectively. FTN and FTN-IM have a similar relationship to that between SC and SCIM.
At the FTN-IM receiver, the received signals are firstly matched-filtered by an RRC shaping filter of a * (−t) and then the signals associated with the CP are removed in order to obtain the block-wise signals of [127] 
where G t ∈ R N t ×N t represents a circulant matrix, having the tap coefficient vector
which corresponds to the ISI effects induced by FTN signaling [127] . Here, ξ is the effective tap length of FTN-induced ISI, while we have
. In order to maintain circulant structures for H t and G t , it is assumed that the CP length is set larger than the resultant tap length, which is caused by the FTN-induced ISI effects, as well as the long channel impulse response (CIR) dispersive channel. Note that symbol mapping of FTN-IM s t in (10) is the same as that of SCIM in (8) . The received signal model of FTN-IM in (10) is similar to that of SCIM in (9) , except that the effects of FTN-specific ISI are seen as G t in (10) . Hence, at the receiver, low-complexity FDE can be carried out, according to [16] . Fig. 5 compares the constrained information rates [30] of the SC, SCIM, FTN, and FTN-IM schemes assuming an AWGN channel. In the comparisons, the roll-off factor of the RRC filter was maintained to be β = 0.5 for all the schemes, and the packing ratio was varied from α = 0.8 to 0.9 for the FTN and the FTN-IM schemes. Also, BPSK modulation was employed for the SC and the FTN schemes, while IM parameters (M t , K t ) = (4, 1) were employed for SCIM and FTN-IM with the aid of QPSK modulation. Observe in Fig. 5 that the FTN-IM scheme outperformed the other three SC schemes. More specifically, the limited performance gain of SCIM over its SC counterpart was seen in the SNR range between −5 dB and 5 dB, as expected from that of OFDM-IM over OFDM [7] . The incorporation of the FTN concept into SCIM enables us to achieve a higher performance gain, as illustrated by the FTN-IM curves of Fig. 5 .
VI. FUTURE CHALLENGES
Several fundamental limitations imposed on the IM schemes were highlighted in the previous sections. In this section, we provide a more detailed discussion, as well as describe potential future directions.
A. TIME-LIMITED PULSE-SHAPING CONSTRAINT IN SPATIAL MODULATION
A single-RF spatial modulation transmitter has to send a time-limited pulse, due to the antenna-switching mechanism shown in Fig. 1(a) . Hence, a bandwidth-efficient timeorthogonal shaping filter is unavailable, and so a bandwidthinefficient time-limited shaping filter has to be employed. Therefore, the bandwidth efficiency of single-RF spatial modulation suffers a penalty, in comparison to those of the other full-RF systems shown in Fig. 1(b) , which support the use of a bandwidth-efficient time-orthogonal shaping filter. Note that the single-RF IM schemes in the spatial domain, which are listed in Table 2 , such as the spatial modulation, rectangular DSM, quadrature spatial modulation, ASTSK, ADSTSK, DSM, and beamspace IM schemes, have this limitation, and the same holds true for GSM, since it also relies on antenna activation with the reduced number of RF chains.
However, in most of the previous studies, the performance advantages of single-RF spatial modulation over conventional full-RF modems were typically discussed without taking into account this limitation. Exceptions are [129] and [60] : the need of time-limited pulse shaping for single-RF spatial modulation was mentioned in [129] , while fair performance comparisons with the conventional full-RF MIMO employing time-orthogonal pulse shaping were provided in [60] . More detailed performance comparisons between single-RF spatial modulation and other classic full-RF MIMO schemes, such as both link-and systemlevel investigations, remain left for future studies. Moreover, investigating the effects of time-limited pulse shaping on the energy efficiency of a power amplifier is also an open issue.
One approach for reducing this bandwidth-expansion effect is to increase the number of RF chains at the spatial modulation transmitter. For example, the employment of two RF chains allows an overlap of two time-domain symbols, which improves the bandwidth efficiency, as presented in [60] . Naturally, this benefit is achieved at the cost of increasing the static power consumption and of increasing the transmitter cost.
In addition to the aforementioned bandwidth-expansion effect, the impact of switching time in single-RF spatial modulation was evaluated in [130] , which found that switching time on the order of nanoseconds deteriorates the transmission rate, due to the introduction of systematic pauses. This deterioration may become especially severe in the case of a very high transmission rate, i.e., very frequent antenna switching, because SC transmissions are required for the single-RF spatial modulation.
B. SINGLE-CARRIER LIMITATION IN SPATIAL MODULATION
As mentioned in [46] , single-RF spatial modulation is not capable of achieving any significant performance gain over the single-antenna and conventional full-RF MIMO schemes when used with OFDM. More specifically, subcarrier-based antenna activation in OFDM would require simultaneous activation of multiple different transmit antenna elements, hence requiring full-RF chains. By contrast, although framebased antenna activation allows single-RF operation in OFDM, the performance gain attained from antenna activation becomes marginal. This is because the number of subcarriers used for OFDM is typically on the order of thousands. Hence, in order to achieve an energy-and cost-efficient single-RF spatial modulation transmitter structure in a broadband wireless scenario, it is necessary to employ SC transmissions rather than multicarrier ones. Performance comparisons between single-RF OFDM and SC spatial modulation schemes are provided in Fig. 6 [46] , where the achievable performance gain of the OFDM-based spatial modulation over the single-antenna-based system is shown to diminish upon increasing the number of subcarriers, while that of the SC-based spatial modulation remains unchanged across the entire bandwidth region. It is thus clarified that single-RF spatial modulation requires SC transmissions.
In accordance with the SC limitation, the broadband single-RF SC spatial modulation system typically experiences a frequency-selective channel having a long tap. The associated spatial modulation receiver has to rely on equalization. This implies that the detection algorithms of spatial modulation, which were developed for a frequency-flat channel, are directly applicable only in an unrealistic narrowband scenario. By contrast, a number of low-complexity spatial modulation equalization techniques have been developed in [46] , [51] , and [131] - [133] .
C. ABSENCE OF ANTENNA SCALABILITY IN DSM
The main limitation of DSM is its unscalability with respect to the number of transmit antenna elements. More specifically, DSM relies on the transmission of a differentially encoded (square) unitary matrix, and hence the number of symbol intervals per block is the same as the number of transmit antenna elements N tx . This indicates that upon increasing the number of transmit antenna elements while maintaining the code rate, the number of legitimate unitary matrices increases exponentially. Therefore, it is a challenging task to achieve a high transmission rate when considering a high number of transmit antenna elements in DSM.
The above is the main reason why almost all of the previous DSM studies [19] , [24] , [101] , [102] , [104] - [109] only considered N tx ≤ 3, or at most N tx = 4 with a low transmission rate, transmit antenna elements. 6 
D. NARROWBAND LIMITATION OF DSM
The SC limitation of Section VI-B imposed on single-RF spatial modulation is more challenging in the case of single-RF DSM arrangements [101] , [102] , [104] - [107] , [109] , [134] . Since single-RF DSM may not be used with multicarrier transmissions, similar to the case of its coherent spatial modulation counterpart, it has to rely on SC transmission. Broadband SC transmissions experience a severe delay spread, hence requiring equalization at the receiver. However, in general, non-coherent channel equalization is an open issue, and hence single-RF DSM operates only in a frequency-flat (narrowband) channel. Developing a practical SC DSM scheme, i.e., operating in a broadband scenario, is left for future studies.
E. LOW-RATE BENEFITS OF OFDM-IM AND SCIM
As mentioned above, the explicit performance advantages of OFDM-IM and SCIM/FDMA over their full-symbolallocation counterparts, i.e., OFDM and SC/FDMA, are limited to a low-rate region. Hence, the scenarios to which OFDM-IM and SCIM/FDMA are applied have to be carefully considered. For example, operation in a low-rate multiple access scenario supporting many connections requiring high reliability and low latency may benefit from OFDM-IM and SCIM/FDMA. 7 The development of techniques for improving the rate in the cases of OFDM-IM and SCIM/FDMA is also an open issue.
VII. CONCLUSIONS
In this paper, we have reviewed the state-of-the-art designs of several IM arrangements that exploit the space, time, and frequency domains. Furthermore, we clarified several IM-specific merits relative to the conventional bandwidthefficient counterparts, i.e., spatial multiplexing, OFDM, and SC/FDMA. More specifically, we characterized the operational scenarios and the system settings which are specifically beneficial for the IM schemes versus their non-IM counterparts, while clarifying the fundamental limitations and the open issues, which have not been sufficiently explored previously. Finally, we presented the rationale of the recent novel IM scheme that amalgamates the time-domain IM scheme and FTN signaling. 
